We performed the solution-phase synthesis of a set of model peptides, including homooligomers, based on the 2-aminoadamantane-2-carboxylic acid (Adm) residue, an extremely bulky, highly lipophilic, tricyclic, achiral, C α -tetrasubstituted α-amino acid. In particular, for the difficult peptide coupling reaction between two Adm residues, we took advantage of the Meldal's α-azidoacyl chloride approach. Most of the synthesized Adm peptides were characterized by single-crystal X-ray diffraction analyses. The results indicate a significant propensity for the Adm residue to adopt γ-turn / γ-turn-like conformations. Interestingly, we found that a -CO-(Adm) 2 -NH-sequence is folded in the crystal state into a regular, incipient γ-helix, at variance with the behavior of all of the homo-dipeptides from C α -tetrasubstituted α-amino acids already investigated, which tend to adopt either the β-turn or the fullyextended conformation. Our DFT conformational energy calculations on the terminally blocked homo-peptides (n = 2-8) fully confirmed the crystal-state data, strongly supporting the view that this rigid C α -tetrasubstituted α-amino acid residue is largely the most effective building block for γ-helix induction, although to a limited length (anti-cooperative effect).
Introduction
Among the known four helices in a system of five-linked peptide units stabilized by consecutive intramolecularly C=O…H-N H-bonds [1] [2] [3] [4] [5] [6] [7] [8] running in the common direction (i.e., from a downstream N-H donor to an upstream C=O acceptor), the α- [2, 3] , 3 10 - [6, 9, 10 ] and π- [5] helices have been much more extensively investigated, both theoretically and experimentally, than the γ-helix [6, 11] . This latter 3D-structure should not be mixed up with either: (i) the "γ-helix" or 5.1-helix proposed by Pauling 65 years ago [2, 3] as an alternative possibility to its celebrated α-helix, but, although discussed by Prasad and Singh in 1981 [12] , never found experimentally, or (ii) the "γ-helix" terminology proposed by Ramachandran [cited in ref. 13 ] to be used as a generic name for all polypeptide conformations strictly related to those of the three individual collagen helices.
A fully developed γ-helix, also termed 2.2 7 -helix [6] , is generated by a set of at least three consecutive γ-turns [6, 11, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . It is characterized by 2.2 amino acid residues per turn, a rise per residue of 2.75 Å, and seven atoms in the pseudo-cyclic (C 7 ) structures closed by the C(1)=O (1 (the more stable, "inverse" γ-turn), respectively. Therefore, a regular and fully developed γ-helix is expected to exhibit the same position (either all axial or all equatorial) for the side chains of at least three consecutive residues with the same configuration and with identical sets (either all +/-or all -/+) for the signs of their backbone torsion angles. However, in the case of a C α -tetrasubstituted α-amino acid, as the one discussed in this article (see below), the differentiation between classical and inverse γ-turns based on the spatial disposition of the single side chain of C α -trisubstituted α-amino acids is not applicable because of the occurrence of two C β atoms in the former residue. As a result, medicinal chemistry, specifically in the areas of amino acid transport inhibition and neurotensin receptor antagonism for use in cancer research.
Results and Discussion

Adm Derivative and Peptide Syntheses
Following the procedure reported by Baxendale et al. [36] , we synthesized the free, rigid, highly lipophilic, tricyclic Adm α-amino acid hydrochloride [36] [37] [38] [39] [40] via a variant of the classical Strecker synthesis as the hydrolytic step of its last intermediate, 2-benzamidoadamantane-2-carboxylic acid, proceeds under relatively mild acidic conditions, affording the desired compound free from the impurities characteristic of the Bucherer-Bergs strategy. The last step of this latter reaction (basic hydrolysis of the hydantoin intermediate) requires very severe experimental conditions [37] resulting in the production of a significant amount of inorganic impurities. In our procedure, we identified the following synthetic intermediates, all of them described in the literature except the first: 2-hydroxyadamantane-2-carbonitrile (cyanohydrin), 2-aminoadamantane-2-carbonitrile [36, 38, 59 ], 2-benzamidoadamantane-2-carbonitrile [36, 38] , and 2-benzamidoadamantane-2-carboxylic acid [36, 38, 39] . In the 3D-structure of the crystalline Adm cyanohydrin, solved by X-ray crystallography, two independent molecules characterize the asymmetric unit ( Figure 3 ). In the packing mode, the hydroxyl group of molecule A is H-bonded to the cyano group of molecule B within the same asymmetric unit, while the hydroxyl group of molecule B is H-bonded to the cyano group of a (-x, -y, ½+z) symmetry equivalent of molecule A. As a result, H-bonded A and B molecules alternate in a sort of meander motif which propagates along the c direction.
The preparations of a very limited number of Adm containing peptides (all of them as short as dipeptides) were reported in the literature [35, 60] . Three sequences of the general type -AdmXxx-(where Xxx is Gly, L-Leu or L-Phe) were synthesized more than 40 years ago either via the Adm N-carboxyanhydride (NCA) or the N-acetyl / trifluoroacetyl (Tfa) Adm 5(4H)-oxazolone Cactivation methods in moderate to good yields. However, removal of the Tfa protection required unusually drastic alkaline conditions owing to the steric bulk of the nearby Adm residue.
Interestingly, in the reaction with the N α -unprotected Adm NCA the very poor reactivity of the (EDC) and 7-aza-1-hydroxy-1,2,3-benzotriazole (HOAt) [61] , and (b) preparation of the unknown homo-oligopeptides of general formula -(Adm) n -. To date, we were able to synthesize and characterize chemically and crystallographically the following set of peptides: Z-Adm-Gly-OEt (Z, benzyloxycarbonyl; OEt, ethoxy) and Z-Adm-L-Ala-OMe (OMe, methoxy) following route (a); and "N 3 "-(Adm) 2 -NHiPr (NHiPr, isopropylamino), H-(Adm) 2 -NHiPr, Tfa-(Adm) 2 -NHiPr, and "N 3 "-(Adm) 3 -NHiPr, in addition to the crystalline side product N,N′-bis-[(Adm) 2 -NHiPr]oxalamide isolated from the reaction between H-(Adm) 2 -NHiPr and the C-activating reagent oxalyl chloride [62] [63] [64] following route (b).
For the synthesis of the extremely sterically hindered Adm homo-peptides, we typically took advantage of the highly C-activated acyl chloride derivatives [62] [63] [64] [65] in combination with the smallsize azido (termed in this paper "N 3 ") α-amino group precursor, following the general procedure developed by Meldal and coworkers [66] [67] [68] . In our synthetic approach, the Adm α-azido acid was converted in situ into its acyl chloride derivative by use of the valuable reagent oxalyl chloride. The "N 3 " group was modified to amine by Pt/C catalytic hydrogenation with a yield from good to moderate, decreasing with peptide lengthening. The promising yield (67%) obtained in the coupling reaction leading to the homo-dipeptide alkylamide unfortunately dropped to 9% in the case of its higher homolog. This latter poor outcome was the main reason which prevented us to appropriately modify by acylation or further elongate the Adm homo-tripeptide alkylamide chain to the level required for a potential crystallographic characterization of a fully developed peptide γ-helix (it is worth noting that the "N 3 " group, at variance with any amino protecting group bearing the C=O functionality, such as Z or Tfa used in this work, does not behave as a H-bonding acceptor).
Crystal-State Conformational Analysis
The molecular structures of "N 3 "-Adm-NHiPr, Z-Adm-OH, Z-Adm-NHiPr, N,N′-bis-[(Adm) 2 NHiPr]oxalamide, Z-Adm-Gly-OEt, Z-Adm-L-Ala-OMe, H-(Adm) 2 -NHiPr, "N 3 "-(Adm) 2 -NHiPr, Tfa-(Adm) 2 -NHiPr, and "N 3 "-(Adm) 3 -NHiPr, as determined by single-crystal X-ray diffraction analyses, are illustrated in Figures 4-13 , respectively. Backbone torsion angles are listed in Table 1 .
For the structures belonging to a centrosymmetric space group, i.e. containing molecules of both handedness in the crystal cell, the molecule with a negative value of the φ torsion angle was selected as the asymmetric unit. Intra-and intermolecular H-bond parameters are reported in Table   2 .
Bond lengths and bond angles (deposited; see Materials and Methods) are in general agreement with previously reported values for the geometry of the benzyloxycarbonylamino [69] moiety, the amide [70, 71] , ester [72] and azide [73] groups, and the peptide unit [74, 75] .
In the 3D-structure of "N 3 "-Adm-NHiPr (Figure 4 ), the N1-C1A and C1-NT bonds are nearly perpendicular to each other, the value of the ψ backbone torsion angle being -92.80(14)°.
The C-terminal amide unit is in the usual trans disposition (Table 1) . It is worth recalling that for Adm residues in which the amino functionality is replaced by an azide moiety, a backbone φ torsion angle cannot be defined. In any case, the values adopted by the torsion angles N01-N1-C1A-C1, N01-N1-C1A-C1B1, and N01-N1-C1A-C1B2 [64.01(16)°, -61.04(18)°, and -179.16(14)°, respectively] suggest that a staggered disposition of the azide group relative to the C′ and the two C β substituents might be instrumental in minimizing unfavorable intramolecular steric contacts. Indeed, such g + ,g − ,t arrangement is also observed for "N 3 "-(Adm) 3 -NHiPr, whereas a g − ,t,g + , disposition of the azide moiety is found for "N 3 "-(Adm) 2 -NHiPr. The packing mode is characterized by an intermolecular H-bond between the isopropylamide NT-HT group and a (x, -y, z+1/2) symmetry equivalent of the O1 atom (Table 2) , which connects molecules along the c direction.
In the 3D-structure of Z-Adm-OH ( Figure 5 ), the disposition of the Z-urethane group, described by the θ 1 and ω 0 torsion angles, is the usual trans, trans or type-b conformation [69] , the values of the C07-OU-C0-N1 and OU-C0-N1-C1A torsion angles being -179.18 (13) In the 3D-structure of Z-Adm-NHiPr (Figure 6 ), the θ 1 and ω 0 torsion angles of the Z- [76] [77] [78] [79] . On these bases, we classify the conformation adopted by Adm in this structure as "open γ-turn". The lack of the intramolecular H-bond that would stabilize the γ-turn might be related to the involvement of the NT-HT group in an intermolecular H-bond. Specifically, in the packing mode, the NT-HT group is intermolecularly H-bonded to a (-x+1, -y+1, -z) symmetry equivalent of the (urethane carbonyl) O0 atom ( Table 2 ). An additional, intermolecular H-bond is observed between the (urethane) N1-H1 group and a (-x+1, -y, -z) centrosymmetric equivalent of the (amide) O1 atom.
N,N′-bis-[(Adm) 2 -NHiPr]oxalamide was obtained as a synthetic byproduct during the oxalyl chloride-mediated coupling of "N 3 "-Adm-OH with H-(Adm) 2 -NHiPr. In its crystal structure ( Figure   7 ) the corresponding backbone torsion angles in the two halves of the molecule are opposite in sign and have similar, but not identical, absolute values ( Table 1) . The difference is even larger at the level of the two terminal isopropyl groups, which are oriented in a way not amenable to a pseudo- Figure 7 and (Table 2 ).
An open γ-turn at the level of the Adm residue is also observed in the 3D-structure of the terminally protected dipeptide Z-Adm-Gly-OEt ( Figure 8 and Table 2 Two independent molecules (A and B) characterize the asymmetric unit of Z-Adm-L-AlaOMe. In both molecules, the -Ala-OMe moiety is disordered and was refined on two sets of positions. The major conformers (70% occupancy) of the two molecules are illustrated in Figure 9 .
In the crystal they are arranged in a pseudo-centrosymmetric disposition (not shown) which is violated by the configuration of L-Ala, common to both molecules. The backbone torsion angles of molecule A are very close in absolute value but opposite in sign to those of molecule B. (Table 2) , thus generating a centrosymmetric dimer. In addition, the (amide) NT-HT group is H-bonded to the (1-x, -y, -z) symmetry equivalent of the (peptide) O1 atom, connecting molecules along the a direction. The second H-atom of the N-terminal amino group, H1B, is not involved in any H-bond.
The 3D-structure of "N 3 "-(Adm) 2 -NHiPr is illustrated in Figure 11 . The backbone conformation closely mirrors that of H-(Adm) 2 -NHiPr described above. Indeed, the values of φ 2 ,ψ 2 differ by less than 1.2° in the two compounds (Table 1) symmetry equivalent of the (peptide) O1 atom ( Table 2 ).
In the 3D-structure of Tfa-(Adm) 2 and Adm(2) residues. Interestingly, the carbonyl oxygen of the Adm(1) residue involved in the γ-turn sits quite comfortably right in between the H atoms of the (pro-S)-C β and of one of the C γ atoms of the same residue, with H…O distances of 2.58 Å and 2.60 Å, respectively. Conversely, as a result of the different sign and value for the ψ torsion angle, the carbonyl oxygen of the helical Adm(2) residue is located at 2.64 Å from the (pro-R) β-CH, but much closer, 2.36 Å to one of the γ-CH atoms. The intra-residue distances between the carbonyl oxygen and the side-chain β-and γ-CH groups are governed by the ψ torsion angle. It appears that the ψ value of Adm(1), 88.1(2)°, is associated to much less unfavorable short contacts than that of Adm (2), -65.5(2)°. Indeed, model building suggests that ψ values typical for regular, right-handed helices (-30° ÷ -45°) are strongly disallowed for Adm, as they would bring one of the γ-CH atoms at 2.10 ÷ 2.15 Å from the carbonyl oxygen. In the packing mode of Tfa-(Adm) 2 -NHiPr, the N1-H1 group is H-bonded to a (-x, -y, -z+1) symmetry equivalent of the (peptide) O1 atom, thus generating a centrosymmetric dimer. As for the remaining, potential H-bonding donor, the (isopropylamide) NT-HT group, the only acceptor within reach is a (-x+1/2, y-1/2, -z+3/2) symmetry equivalent of the O2 atom, although the N…O and H…O distances are significantly long (Table 2 ). This latter, weak intermolecular H-bond connects molecules in a zig-zag motif along the b direction.
Finally, the crystal state conformation of "N 3 "-(Adm) 3 -NHiPr ( Figure 13 ) is characterized by two, consecutive γ-turns at the level of the Adm(2) and Adm(3) residues. The N3-H3…O1 and NT-HT…O2 intramolecular H-bonds display more than acceptable geometries (Table 2) (Table 1) . Notably, the packing mode is not stabilized by any N-H…O intermolecular H-bond. Indeed, the only potential H-bonding donor not already intramolecularly engaged is the N2-H2 group, which is deeply buried between the proximal, bulky adamantane cages. Conversely, in addition to intermolecular van der Waals interactions, a few C-H…O or C-H…N short contacts with H…O(N) distances in the range 2.69 ÷ 2.79 Å and C-H…O(N) angles within 144 ÷ 172° are observed, namely between the CT3 methyl group and a (x+1, y, z) symmetry equivalent of O3, between the C1G1 methylene of Adm(1) and a (-x+1, -y+2, -z+1) symmetry equivalent of the (azido) N02 atom, and between the C1G3 methylene of Adm(1) and a (-x+2, -y+2, -z+1) symmetry equivalent of the (azido) N1 atom.
Overall, in the 3D-structures described above, none of the N-H groups involved in a γ-turn characterized by an acceptable intramolecular H-bond geometry turns out to take part in the intermolecular H-bonding network. Conversely, for all of the cases which we classify as open γ-turns, the N-H group potential donor for the occurrence of the intramolecularly H-bonded C 7 form is always intermolecularly engaged.
In this work, the backbone conformations of fifteen examples of N-acylated Adm residues (i.e., not taking into account those in which the amino group at the N-terminus is free or replaced by an azido group) have been determined. The resulting φ,ψ scatterplot, normalized to the negative sign for the φ torsion angle, is illustrated in Figure 14 (left).
We found only two examples of helical Adm residues (black triangles in Figure 14) , including Z-Adm-OH which carries a free carboxylic acid group (at variance with all other Adm residues reported in Figure 14 which are followed by an amide or peptide bond). The φ values are in the range -57° ÷ -61°, a common observation for helical C α -tetrasubstituted α-amino acid residues [10] , whereas the ψ values, from -51° to -66°, are larger in magnitude than those typical for 3 10 helices (-30°) or α-helices (-42°) [9, 81] . These findings compare well with the few occurrences of N-acylated Adm derivatives of the R-CO-Adm-OH or R-CO-Adm-OR′ type reported in the literature [36, 39, [43] [44] [45] [46] [47] , from which the average values of φ,ψ = -54°, -55° can be calculated for a helical Adm residue.
Our remaining thirteen examples of Adm residues, characterized by opposite signs for the φ and ψ torsion angles, broadly belong to the γ-turn region in the upper left quadrant of the Ramachandran map, an expanded view of which is shown in Figure 14 Table 3 ) is smaller than tetrahedral, and that involving the (pro-R)-C β (C β2 in Table 3 ) is larger, when the sign of the φ torsion angle is negative. In the molecules where Adm adopts a left-handed screw sense (i.e., φ positive), the reverse is true. The difference between the values of these two bond angles is The difference between these two latter values, 5.2°, is much larger than any difference between corresponding bond angles at the α-carbon of Aib, for which a conformation and screw-sense dependent asymmetry is well documented [10, 82] .
The cooperative or anti-cooperative energy associated to the generation of a consecutive γ-turn conformation (γ-helix) in Adm homo-peptides was determined by calculating the CE parameter (Eq 3 in Materials and Methods) for Ac-(Adm) n -NHMe with n ranging from to 2 to 8 arranged in an all-γ-turn conformation. In these n homo-peptides, all residues were initially disposed in a γ-turn conformation, which was preserved after geometry optimization in all cases. According to the criteria defined in Eqs 1-3, CE is negative or positive in the presence of cooperative or anticooperative effects, respectively. It should be noted that CE represents a valuable parameter, which was already used to study the intrinsic tendency of both coded and non-coded amino acid residues to adopt regular conformations [83] [84] [85] . Our results, displayed in Figure 15 , reveal unfavorable CE values, independently of n. Moreover, CE grows linearly with the number of Adm residues. These results indicate that the γ-turn conformation generates accumulative internal strains, which eventually result in anti-cooperative energy effects. Overall, these findings clearly suggest that the stability of the consecutive γ-turn conformation is expected to decrease with increasing length of the homo-peptide. This situation is opposite to that typically found in peptide secondary structures with cooperative inter-residue H-bonds between unstrained residues (e.g., α-helix in Ala and Glu homopeptides), in which a stabilizing effect with negative CE values is obtained [83] [84] [85] .
Moreover, a comparison was performed among complete geometry optimizations, using as starting point conformations those with a β-turn [18, 19, 86] or two consecutive γ-turns, of Ac-(Adm) 2 -NHMe, Ac-(c 3 Dip) 2 -NHMe, and Ac-(Ac 6 c) 2 -NHMe (Ac 6 c, 1-aminocyclohexane-1-carboxylic acid) sequences. As Adm, both c 3 Dip and Ac 6 c are C α -tetrasubstituted α-amino acids.
The former was studied because it represents the driving force for double γ-turn formation in the dipeptide published by Cativiela and coworkers [28], while Ac 6 c bears the six-membered annular system typical of the tricyclic Adm residue. Our results, displayed in Table 4 , indicate that for Ac-(Adm) 2 -NHMe the free energy (∆G) for the regular type-III β-turn conformation is unfavorable by 4.5 kcal/mol if compared to that of the two consecutive γ-turns, whereas this energy penalty is more than suppressed for Ac-(c 3 Dip) 2 -NHMe. These data strongly support the view that the Adm chemical structure is remarkably more suitable to stabilize consecutive γ-turns than that of c 3 Dip
[28]. More specifically, inter-residue interactions are very much repulsive for the regular type-III β-turn of Ac-(Adm) 2 -NHMe, in which the two adamantyl side cages face each other in close contact ( Figure 16C ). Conversely, the distance between the adamantyl groups increases considerably in the case of the two consecutive γ-turns ( Figure 16A ), resulting in a significant stabilization with respect to the regular β-turn. Moreover, the repulsive adamantyl···adamantyl interactions found for the regular type-III β-turn can be partially alleviated by considering a highly distorted type-II β-turn 
Conclusions
A regular γ-helix (produced by a repetition of at least three consecutive, intramolecularly H-bonded, γ-turns of the same type) still remains to be discovered in synthetic peptides and proteins. In the present experimental work we clearly showed by X-ray diffraction on a variety of Adm derivatives and Adm-rich peptides, including homo-peptides, that this residue is endowed with a significant propensity to adopt γ-turn / γ-turn-like conformations. Moreover, the onset of an incipient γ-helix (with two consecutive γ-turns) was assessed in the synthetic, terminally blocked homo-dipeptide amide sequence -CO-(Adm) 2 -NH-. Our conformational energy calculations on a large set of Adm homo-oligomers strongly support the results arising from crystallography, specifically highlighting the unique property of this highly bulky C α -tetrasubstituted α-amino acid residue in promoting this unprecedented peptide folded 3D-structure. We are confident that, when the current drawbacks in the synthesis of Adm long peptides will be overcome, this highly crystalline homo-oligomeric series will provide structural biochemists with the first experimental proof for the existence of this still missing peptide helix.
Materials and Methods
Synthesis and Characterization of the Novel Adm Derivatives and Peptides
Melting points were determined using a Leitz (Wetzlar, Germany) 
N,N′-bis[(Adm) 2 -NHiPr]-oxalamide methanol bis-solvate:
The structure is pseudo-centrosymmetric.
The two halves of the molecule are related trough a pseudo-inversion centre located at the midpoint of the C0A-C0B bond. Although the differences in the absolute values of the corresponding torsion angles of the peptide backbone in the two halves are small (< 5.5°), the dispositions of the two terminal isopropyl groups are different and not amenable to a centrosymmetric arrangement.
Indeed, the structure was originally solved in space group P-1 with half molecule as the asymmetric unit, but the refinement was unsatisfactory, particularly at the level of the terminal isopropyl group.
Therefore, space group P1 was chosen. 
H-(Adm
Conformational Energy Calculations
Density Functional Theory (DFT) calculations on Ac-(Adm) 2 -NHMe, Ac-(c 3 Dip) 2 -NHMe, and Ac-(Ac 6 c) 2 -NHMe were performed in the gas phase using the Gaussian 09 computer package [96] . The geometries of the different investigated systems were fully optimized without symmetry restrictions using the B3LYP [97, 98] functional combined with the 6-31+G(d,p) [99, 100] basis set. Frequency analyses were carried out to verify the nature of the minimum state of all the optimized geometries and to calculate the zero-point vibrational energies as well as both thermal and entropic corrections, these statistical terms being used to compute the conformational Gibbs free energies in the gas phase (ΔG) at 298 K.
The possible cooperative energy effects associated to the generation of a repetitive γ-turn structure was determined by calculating Ac-(Adm) n -NHMe with n = 1-8 arranged in an all-γ-turn conformation (i.e., all Adm residues were forming a γ-turn conformation). The geometry of the homo-peptides was completely optimized using the B3LYP [97, 98] functional combined with the 6-31+G(d,p) [99, 100] basis set. The energy increment (EI) that results when a single residue is added to the peptide chain with the same γ-turn conformation was defined as follows:
Then, the predicted energy (E pred ) for the n th homo-peptide Ac-(Adm) n -NHMe in such repetitive conformation could be calculated as:
The cooperative energy (CE) is defined by:
Accordingly, CE is negative or positive in presence of cooperative or anti-cooperative effects, respectively. Figure 1 Representations of the two γ-helices (or 2.2 7 -helices) generated by multiple, consecutive γ-turns of the inverse type (top) and classical type (bottom). Adapted from ref. [11] . 
